Introduction
Major depressive disorder (Mdd) is associated with a high degree of morbidity and mortality (1) , and is predicted to be the leading cause of disease burden by the year 2030 (2) . Mdd occurs about twice as often in women than in men (3) and sex difference is the most obvious characteristics for Mdd (3, 4) . An increasing number of sex-specific biomarkers for MDD have been identified (5) . Moreover, male and female mice have demonstrated fundamentally different transcriptional and post-transcriptional responses to stress, and sex-specific molecular processes occurred following stress (6) . Notably, males demonstrated a very robust transcriptional and post-transcriptional response to stress (6) . These findings revealed that the pathogenesis of Mdd is markedly different in males and females, and transcriptional and post-transcriptional dysregulation may lead to occurrence of Mdd in males. Although these changes were found to correlate with Mdd in males, the molecular mechanism remains poorly understood.
MicroRNAs (miRNAs or miRs), a prominent class of small non-coding RNAs, generally exert their functions by binding the 3' untranslated regions of target mRNA to suppress target gene expression in post-transcriptional regulation and control various biological processes (7) . The majority of known mammalian miRNA are expressed in a tissue-specific manner, cause translational repression and may individually target hundreds of genes (8) . miRNAs are highly expressed in neurons, where they regulate the expression of a large number of target mRNA. Neuronal miRNA pathways may create an extremely powerful mechanism to dynamically adjust the protein content of neuronal compartments, even without the requirement for new gene transcription (9, 10) . Dysregulation of specific miRNA has been observed in patients and animal models of neuropsychiatric disorders (11) (12) (13) (14) . In addition, a critical component necessary for miRNA biogenesis, dicer1, has also been implicated in posttraumatic stress and anxiolytic responses (15, 16) . With regard to Mdd, the evidence supporting miRNA involvement in the pathophysiology and the treatment of the disorder is (18) , and be an important factor involved in the mechanism of depression (19) (20) (21) (22) . In vertebrates, more distinct miRNAs are expressed in the brain than in any other tissues (23, 24) . These studies indicate that miRNA may serve an important role in the brain of patients with Mdd by acting as the master regulator of gene expression at a post-transcriptional level (25) (26) (27) . Previous investigations have suggested that miRNA have been involved in several pathways that may contribute to the Mdd pathomechanism (27) (28) (29) . However, how these miRNA contribute to this illness is not well understood.
The present study identified that miR-124-3p, an abundant miRNA in the brain, was significantly downregulated in the post-mortem brain BA44 area of males with Mdd. The miR-124-3p target gene, dNA damage-inducible transcript 4 (ddIT4), a regulator of the tuberous sclerosis proteins 1/2 (TSc1/2) complex, was associated with Mdd pathogenesis and antidepressant effect. Meanwhile, the expression of miR-124-3p was negatively correlated with expression of DDIT4 and DDIT4 transcription factor, specificity protein 1 (SP1), respectively. miR-124-3p regulated the mammalian target of rapamycin (mTOR) pathway significantly and this regulation was dependent on the TSc1/2 complex. In addition, miR-124-3p was downregulated by reduction of its transcription factor, aryl hydrocarbon receptor nuclear translocator (ARNT), in males with Mdd. These results may help to elucidate the pathogenesis of Mdd and provide novel insight into antidepressant treatment.
Materials and methods

Gene Expression Omnibus (GEO) dataset collection and differential expression analysis.
Microarray data were obtained from five datasets. The five series were accessed at the National centers for Biotechnology Information GEO database (ncbi.nlm.nih.gov/geo/), which served as a public repository for gene expression datasets, and the accession numbers were GSE58105, GSE63377, GSE43261, GSE64119 and GSE22909, respectively. differentially expressed genes and miRNAs were obtained using GEO2R (ncbi.nlm.nih. gov/geo/geo2r/). GEO2R is an interactive web tool that compares two groups of samples under the same experimental conditions and is able to analyze almost any GEO series (30) .
miRNA tissue-specific expression analysis. Expression levels of miR-124-3p across human tissues were obtained from the YM500 database (http://ngs.ym.edu.tw/ym500v2/index.php).
Prediction of target genes of miRNA. The miRWalk 2.0 database (zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) (31) was used to identify genes that are directly targeted by miR-124-3p in the validated target module.
The Cancer Genome Atlas (TCGA) data exploratory analyses. To determine whether the expression level of ddIT4 was correlated with miR-124-3p in brain tissues, TcGA data about miRNA and mRNA (RNA Seq v2) expression levels in patients with low-grade glioma were obtained from synapse. org/ for correlation analysis in a large data set (n=528). The miR-124 level, ddIT4 mRNA level, SP1 mRNA level and whole transcriptome data were used in the present study.
Transcription factor analysis and target gene binding site prediction. The Genecards database (genecards.org/), JASPAR database (jaspar.binf.ku.dk/) and PROMO database (alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit. cgi?dirdB=TF_8.3) were used to identify potential transcription factor-gene interactions. The Genecards database was used to investigate whether SP1, a target of miR-124-3p, is a transcription factor of ddIT4, and whether it regulates ddIT4 expression. The binding sequence and binding sites were shown in the promoter region of ddIT4. To investigate the cause of miR-124-3p downregulation, potential transcription factors, which are also downregulated in males with Mdd according to the results of gene ontology (GO) analyses, were first screened. Subsequently, the JASPAR and PROMO databases were used to predict transcription factors of miR-124.
Gene set enrichment analysis. The association between phenotypes, pathways and miR-124-3p expression was analyzed using Gene Set Enrichment Analysis (GSEA v2.2; broad.mit.edu/gsea/). GSEA calculates a gene set enrichment score (ES) that estimates whether genes from a pre-defined gene set (obtained from the Molecular Signatures database; http://software.broadinstitute.org/gsea/msigdb/collections.jsp#c2; MTOR_UP.N4.V1_dN, BILANGES_RAPAMYcIN_ SENSITIVE_VIA_TSc1_ANd_TSc2) are enriched among the highest-(or lowest-) ranked genes or distributed randomly. Default settings were used. Thresholds for significance were determined by permutation analysis (1,000 permutations). False discovery rate (FdR) was calculated. A gene set was considered significantly enriched when the FdR score was <0.05.
GO analyses.
A list of differentially expressed genes in males with Mdd was imported into the database for Annotation, Visualization, and Integrated discovery Bioinformatics Resource (david.abcc.ncifcrf.gov/). The aim was to detect significantly over-represented biological processes affected by changes in the transcriptomes. Functional enrichment was assessed using the following three annotation databases: Biological process, molecular function and cellular component.
Statistical analysis.
Statistical analyses were performed using SPSS 19.0 (IBM corp., Armonk, NY, USA), R 3.2.4 software (r-project.org/), and GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, cA, USA). The data were presented as the mean ± standard deviation. Group distributions were compared using the Student's t-test. For multiple comparisons, one-way analysis of variance was used followed by dunnett's post hoc test. The correlation between miR-124-3p and target gene expression level was analyzed by Pearson correlation analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression level of miR-124-3p is downregulated in males with
MDD. As we know, age and sex are complicated factors when trying to understand the pathomechanism of Mdd (4,32,33). In consideration of this, the data in the GEO miRNA expression profile (GSE58105) were filtered, and 24 young male samples (Mdd, n=13; controls, n=11) were selected, according to previous studies (32, 34) . differential expression analysis was performed between the prefrontal cortex (PFc) of depressed males and healthy controls using GEO2R. This result demonstrated that the miR-124-3p expression level was significantly higher in control samples than in Mdd samples (P=0.0386; Fig. 1A) . A total of five differentially expressed miRNA (has-miR-423-5p, -miR-320c, -miR-124, -miR-1825 and -miR-1281) were screened under the criteria (P<0.05; Fc>1.2 or Fc<0.8). Subsequently, multiple testing was also performed and the FdR of candidate differential expression miRNA was calculated using R 3.2.4. The FdR of miR-124 was also <0.05 (data not shown). According to tissue specificity analysis from the YM500 database, miR-124-3p was the only miRNA enriched in the brain (Fig. 1B) . Therefore, it was hypothesized that the downregulation of miR-124-3p may play an important role in the occurrence of Mdd.
DDIT4 and its transcription factor, SP1, are targets of miR-124-3p.
To investigate the mechanism of miR-124-3p in the occurrence of Mdd, the validated target genes of miR-124-3p from the miRWalk 2.0 database were examined. ddIT4 (REdd1), a target of miR-124-3p (data not shown), was reported to act as a critical mediator in Mdd (35) . To further verify the role of DDIT4, microarray profiles GSE63377 and GSE43261 were used. As demonstrated in Fig. 2A , the ddIT4 mRNA level was upregulated in rats with depressive-like behavior. In male mice, the ddIT4 mRNA level was significantly downregulated in fluoxetine sensitivity group compared with fluoxetine resistance group and control group, respectively (P=0.011 and P<0.0001, respectively; Fig. 2B ). These data revealed the role of ddIT4 in the occurrence and treatment effect of Mdd.
In a previous study, depression also acted as a risk factor in patients with low-grade glioma (36) . It has been proposed that depression is not only a psychological reaction to the low-grade glioma, but that the association between these disorders has biochemical roots (36) (37) (38) . To further determine whether the expression level of ddIT4 was regulated by miR-124-3p, correlation analyses between the expression level of ddIT4 and miR-124-3p were performed in low-grade glioma patients. This result demonstrated that the expression level of miR-124-3p was negatively correlated with the expression level of ddIT4 ( Fig. 2c ; R 2 =0.02; P=0.0011). In addition, the expression level of miR-124-3p was negatively correlated with the expression level of SP1, the other validated target gene of miR-124-3p ( Fig. 2d ; R 2 =0.13; P<0.001). Notably, SP1, a transcription factor, could bind to the transcription start site of ddIT4 (Fig. 2E) . To validate whether SP1 is able to regulate the expression of ddIT4, microarray profile GSE64119 was used. As indicated in Fig. 2F , ddIT4 was significantly downregulated by MitA (P<0.05), which is a direct inhibitor of the binding of SP1 family factors to dNA promoters (39) . These data suggested that miR-124-3p suppresses the expression of ddIT4 by targeting ddIT4 and its transcription factor SP1.
Regulatory effects of miR-124-3p on the mTOR signaling pathway are dependent on the TSC1/2 complex. ddIT4, a target gene of miR-124-3p, is a well-known antagonist of mTOR signaling in Mdd (35) . The mTOR signaling pathway serves an important role in Mdd (35) , therefore, to investigate the regulatory effect of miR-124-3p on mTOR signaling, GSEA was used. The patients with low-grade glioma from TcGA were divided into miR-124-3p-positive and miR-124-3p-negative groups, and the association between miR-124-3p and mTOR signaling was analyzed. As demonstrated in Fig. 3A , the mTOR activation gene set was significantly enriched in the miR-124-3p-positive group (FdR=0.02). These data suggested that the miR-124-3p expression level was positively associated with mTOR signaling. To further verify the regulation of miR-124-3p on mTOR signaling by targeting ddIT4, which stabilizes the TSc1/2 complex and inhibits the mTOR signaling, GSEA was performed and a mTOR pathway activation gene set was employed, which was obtained from TSC1(-/-) or TSC2(-/-) mouse embryo fibroblasts. The miR-124-3-positive samples were divided into high and low miR-124-3p expression groups. As demonstrated in Fig. 3B , this mTOR pathway gene set was not significantly enriched in each group. These results suggested that the regulatory effect of miR-124-3p on mTOR signaling is dependent on the TSc1/2 complex. Thus, miR-124-3p may play a role in the regulation of mTOR signaling by targeting ddIT4.
Microarray-based GO analyses.
From the GEO mRNA expression profile (GSE53987), differentially expressed mRNAs were identified between the PFC of depressed males and normal control samples. To gain insights into the biolog- ical roles of differently expressed genes, we performed GO classification enrichment analysis. Genes that demonstrated a nominal significance level of P<0.01 were selected and were tested against the background set of all genes with GO annotations. As indicated in Fig. 4 , the most enriched GO categories of the differentially expressed genes were 'development process', 'nucleic acid binding transcription factor activity', 'transcription factor complex' and 'nucleus.' According to these results, the regulation of transcription factors was associated with the occurrence of Mdd in males.
ARNT regulates the expression of miR-124-3p by acting as its transcription factor.
According to the GO analysis results, it was hypothesized that the expression of miR-124-3p was regulated by its transcription factor in this disease. Among the 38 transcription factors, 25 were downregulated in males with Mdd (data not shown). Transcription factors of miR-124-3p were predicted from the JASPAR and PROMO databases. As demonstrated in Fig. 5A , ARNT may be the transcription factor that has a role in Mdd. To further investigate the regulation of ARNT on miR-124-3p expression, microarray profile GSE22909 was used. As indicated in Fig. 5B , miR-124-3p expression was upregulated by 2,3,7,8-tetrachlorodibenzo-p-dioxin, which is an activator for ARNT (40, 41) . These results suggested that miR-124-3p was downregulated by the reduction of ARNT in males with Mdd. As demon- GSE64119). Significance between the two populations was determined with a two-tailed t-test. PFC, prefrontal cortex; ns, not significant; TCGA, The Cancer Genome Atlas; miR, microRNA; DDIT4, DNA damage-inducible transcript 4 protein; MDD, major depressive disorder; fluoxetine-S, fluoxetine-sensitive; fluoxetine-R, fluoxetine-resistant. strated in Fig. 6 , ARNT downregulation reduced miR-124-3p expression. miR-124-3p downregulation may result in mTOR signaling inhibition and occurrence of Mdd in males via regulating ddIT4 expression. miR-124-3p may regulate ddIT4 expression by targeting ddIT4 and SP1.
Discussion
Emerging evidences have suggested that miRNA may serve a key role in the basic mechanisms of brain neuroplasticity, and they are believed to be involved in the manifestation of depression and the therapeutic actions of antidepressant drugs (42) . A study by Lopez et al (25) demonstrated BA44 microarray expression of miRNA in Mdd. In the present study, it was demonstrated that miR-124-3p was one of most significantly dysregulated miRNA in the BA44 microarray of Lopez et al (25) . To the best of our knowledge, the present study is the first to report the downregulation of miR-124-3p in males with Mdd.
In the present study, the results indicated that miR-124-3p was downregulated in patients with Mdd compared with healthy controls. To determine the role and mechanism of miR-124-3p in Mdd, bioinformatics analysis was used. As a result, it was identified that miR-124-3p was downregulated in patients with Mdd. ddIT4, a validated target gene of miR-124-3p, was correlated with the occurrence of Mdd and antidepressant effect. miR-124-3p reduced ddIT4 expression by targeting ddIT4 and ddIT4 transcription factor SP1, which led to the regulation of the mTOR signaling pathway. In addi- The regulation of miR-124-3p on the mTOR signaling pathway is dependent on the TSc1/2 complex. GSEA of TcGA data depicting the enrichment of the mTOR pathway activation gene set, which was obtained from TSc1(-/-) or TSC2(-/-) mouse embryo fibroblasts. miR-124-3p expression was not significantly associated with this gene set. miR-124-3p-positive samples were divided into high and low miR-124-3p expression groups. miR, microRNA; mTOR, mammalian target of rapamycin; TSc1/2, tuberous sclerosis proteins 1/2; GSEA, Gene Set Enrichment Analysis; TcGA, The cancer Genome Atlas; NES, normalized enrichment score; FdR, false discovery rate. tion, decreased ARNT levels resulted in reduced miR-124-3p levels in males with Mdd.
Previous studies have reported that miR-124 may regulate adult neurogenesis, promote neuronal differentiation and contribute to synaptic plasticity in vivo (5, 43) . Although miR-124 has been widely studied in animal models of depression, few studies have investigated the relationship between the levels of miR-124 and Mdd in clinics. Recent studies have reported that miR-124-3p was upregulated in the BA46 area of the brain (44) and in peripheral blood mononuclear cells in patients with Mdd (45) . miR-124 expression levels were also increased in the hippocampus of rat models of depression (46, 47) . Contrastingly, two previous studies did not find altered levels of miR-124 (34, 48) . However, to the best of our knowledge, the present study is the first to identify that miR-124-3p was downregulated in the BA44 brain area in patients with Mdd, although the fold-change of miR-124-3p was not tremendous. Notably, minor fold-change of critical mediators in a signaling pathway usually have a cascade amplification effect on occurrence of disease, such as subtle reductions in the dose of phosphatase and tensin homolog predispose to tumorigenesis (49) . In the present study, the downregulation of miR-124-3p contributed to the inhibition of the mTOR signaling pathway, which serves an important role in MDD. Therefore, miR-124-3p may have a cascade amplification effect in the occurrence of Mdd by regulating ddIT4 expression and mTOR signaling, and so the fold-change is not the only guide for gene function in the occurrence of disease. The minor downregulation of miR-124-3p may have stronger biological effects than other notable differentially expressed genes. In addition, the search for the main genetic effects in MDD so far has not revealed consistent or replicated significant findings (50) , implying that it is difficult to identify the main causative genes in Mdd, and so the weak expression differences may be an important feature of Mdd.
In the present study, there were limited numbers of controls and MDD subjects in the GEO database. Perhaps, it is difficult to collect post-mortem brain tissues. Furthermore, the incidence of Mdd is relatively low in the population (51), which makes it harder to collect data on patients with Mdd. Efforts should be made to collect more samples in follow-up work.
Previous studies have reported decreased levels of the mTOR complex 1 (mTORc1) signaling pathway in post-mortem PFc samples of subjects with Mdd (52) and mTOR signaling was correlated with neuronal brain function in Mdd (50) . Notably, ddIT4, a critical mediator of the mTOR signaling pathway in Mdd, was a validated target gene of miR-124-3p. In addition, SP1, which is a transcription factor of ddIT4, was also a validated target gene of miR-124-3p. miR-124-3p may regulate expression of ddIT4 by directly targeting ddIT4 and SP1, which is a transcription factor of ddIT4. To further investigate the relationship between the mTORc1 signaling pathway and miR-124-3p, GSEA was performed. The present results indicated that the miR-124-3p expression level was positively associated with activation of mTOR pathway. In addition, the regulatory effect of miR-124-3p on the mTOR signaling pathway is dependent on the TSc1/2 complex. These results revealed that miR-124-3p may regulate the mTOR signaling pathway by reducing the expression of ddIT4, which stabilizes the complex formed by TSc1 and TSc2; this complex subsequently inhibits mTORc1-dependent protein synthesis and cell growth (50) . Research has demonstrated that miR-124-3p was correlated with cell growth, proliferation and apoptosis, as well as the mTOR pathway (45) . diagnostically, Mdd is associated with smaller regional brain volumes (53) . In addition, the mTOR pathway serves an important role in neurodevelopment of the cerebral neocortex and neurodevelopmental diseases (54) . Similarly, the results of the present study indicated that the most aberrant biological process is the development process in males with Mdd. These results suggested that miR-124-3p may have an important role in these biological processes.
In a previous study, it was reported that two cpG islands were identified in the miR-124-3 gene promoter, and that the promoter methylation level determined the miR-124-3p expression level in corticosterone-treated rats (44) . The present results concerning the human miR-124-3 gene promoter cpG islands were different to the finding in this previous study. Similarly, we used MethPrimer (urogene.org/methprimer/) to predict cpG islands of miR-124-3 gene promoter in humans. No cpG islands were identified in the human miR-124-3 gene promoter (data not shown). According to the present GO analysis results, the majority of differentially expressed genes were transcription factors or had transcription factor activity, suggesting that downregulation of some transcription factors may be one of the prime reasons of miR-124-3p downregulation. Further bioinformatics analysis revealed that ARNT was a potential transcription factor that could regulate the expression of miR-124. To the best of our knowledge, this is a novel mechanistic study on the regulation of miR-124 expression.
In conclusion, the results of the present study suggested that miR-124-3p was involved in the pathogenesis and treat- Figure 6 . Model for the potential mechanism by which reduced miR-124-3p contributes to the occurrence of Mdd in males. Schematic showing how reduced miR-124-3p could result in decreased mTOR signaling and occurrence of disease via regulating ddIT4 expression. In individuals without Mdd, miR-124-3p inhibits expression of ddIT4 and promotes activation of the mTOR signaling pathway. In Mdd, downregulation of miR-124-3p abolishes its inhibition of ddIT4 expression and inhibits the mTOR signaling pathway. miR, microRNA; Mdd, major depressive disorder; mTOR, mammalian target of rapamycin; ddIT4, dNA damage-inducible transcript 4 protein; ARNT, aryl hydrocarbon receptor nuclear translocator; TSc, tuberous sclerosis proteins. ment of Mdd in males via regulation of ddIT4 expression and the mTOR signaling pathway. Reduced expression levels of miR-124-3p resulted in a reduced ARNT level in Mdd. These findings provide novel insight into the mechanism of Mdd occurrence and potential antidepressant treatment.
